Sporadic inclusion body myositis, a variant of inflammatory myopathy, has features distinct from polymyositis/dermatomyositis. The disease affects men more than women, most commonly after age 50. Clinical features include weakness of the quadriceps, finger flexors, ankle dorsiflexors, and dysphagia. The distribution of weakness is similar to Becker muscular dystrophy, where we previously reported improvement following intramuscular injection of an isoform of follistatin (FS344) by AAV1. For this clinical trial, rAAV1.CMV. huFS344, 6 Â 10 11 vg/kg, was delivered to the quadriceps muscles of both legs of six sporadic inclusion body myositis subjects. The primary outcome for this trial was distance traveled for the 6-min walk test. The protocol included an exercise regimen for each participant. Performance, annualized to a median 1-year change, improved +56.0 m/year for treated subjects compared to a decline of À25.8 m/year (p = 0.01) in untreated subjects (n = 8), matched for age, gender, and baseline measures. Four of the six treated subjects showed increases ranging from 58-153 m, whereas two were minimally improved (5-23 m). Treatment effects included decreased fibrosis and improved regeneration. These findings show promise for follistatin gene therapy for mild to moderately affected, ambulatory sporadic inclusion body myositis patients. More advanced disease with discernible muscle loss poses challenges.
INTRODUCTION
The term "inclusion body myositis" (IBM) was originally proposed in 1971 to describe a chronic inflammatory myopathy with intranuclear and intracytoplasmic tubular filaments within muscle fibers.
1 Clinical and pathologic studies over more than four decades have supported this condition as a disorder distinct from other idiopathic inflammatory myopathies. 2 Incidence and prevalence statistics confirm sporadic IBM (sIBM) to be the most commonly acquired muscle disease after age 50. 3 Men are more affected than women (ratio of men to women, 3:1). 4 The disorder is sporadic with insidious onset and distinctive features suggesting a dual role for both immunopathogenic and ongoing degenerative events. The typical clinical findings include quadriceps muscle weakness and atrophy, finger flexor and ankle dorsiflexor weakness, and dysphagia. These features distinguish sIBM from other inflammatory myopathies, and diagnostic criteria were initially established by Griggs et al. 5 and later modified by HiltonJones et al. 6 Inflammation is prominent in sIBM, with similarities to polymyositis. 7 Intact myofibers are surrounded and invaded by inflammatory cells consisting of macrophages and cytotoxic CD8 + T cells and the ubiquitous overexpression of MHC-1 on the surface of muscle fibers. 8, 9 Distinguishing histological hallmarks of sIBM consist of rimmed vacuoles filled with granular material, Congo red-positive amyloid deposits, 10 and 15-to 18-nm tubulofilamentous inclusions seen by electron microscopy. Additional features include ragged red fibers associated with mitochondrial gene deletions, [11] [12] [13] increased numbers of COX-negative fibers, and overexpression of aB-crystallin 14 that associates with amyloid precursor protein (APP) 15 and pro-inflammatory markers indicative of a cell stress response (phosphorylated tau, presenilin-1, apolipoprotein E, g tubulin, clusterin, a-synuclein, and gelsolin). 16 sIBM has no treatment; weakness is progressive and impairs activities of daily living, with wheelchair dependency by 10 years in most cases. 17 The disease is notoriously refractory to immune suppression. 18 The list of therapeutic failures begins with corticosteroids representing the most frequently used pharmacologic agent to treat sIBM. The logic is apparent given the inflammatory findings on muscle biopsy, but, after decades of research, there is unequivocal agreement supporting the lack of glucocorticoid efficacy in sIBM. [18] [19] [20] [21] Additional therapies have also focused on the possible benefits of immune suppression and include intravenous immunoglobulin in randomized clinical trials, 22, 23 b-interferon-1a, 24, 25 methotrexate, 26 anti-thymocyte globulin, 27 etanercept, 28 alemtuzumab, 29 and simvastatin. 30 In addition, initial attempts to inhibit myostatin using an antibody, bimgrabumab, to block the Activin IIB receptor looked favorable 31 but later failed in a phase II/III clinical trial (Novartis, April 21, 2016 ).
In 2008, we laid the foundation for an alternative strategy to treat sIBM based on the knowledge that disruption of myostatin, also known as the growth and differentiation factor 8 (GDF-8) gene in wild-type mice, resulted in a widespread increase in skeletal muscle mass. 32 The muscle-building effects of follistatin (FS) were even more profound, as demonstrated in myostatin (Mstn À/À ) knockout mice that carried the FS transgene, making it an attractive target for translation. 33 In clinical application, the alternatively spliced FS cDNA isoform FS344, preferred because of minimal effects on the hypothalamic-pituitary-gonadal axis, 34, 35 proved to be safe and effective in an intramuscular gene transfer trial to the quadriceps muscle in Becker muscular dystrophy. 36 Based on these findings, a similar gene transfer study of rAAV1.CMV.huFS344 to the quadriceps muscle was initiated for sIBM. Although weakness between Becker muscular dystrophy and sIBM has a similar distribution in the lower limbs, the results in a traditionally refractory inflammatory, vacuolated myopathy were less predictable.
RESULTS

Study Design
The baseline characteristics of the six male participants are outlined in Table 1 . Each fulfilled previously published diagnostic criteria 5 and conditions defined in Investigational New Drug (IND) 14845. The Institutional Review Board at Nationwide Children's Hospital approved the clinical trial protocol that was registered at ClinicalTrials.gov. The protocol followed the Helsinki Declaration, and all patients gave their written informed consent prior to participation. The study was designed to target sIBM ambulatory patients with knee extensor weakness (Medical Research Council [MRC] grade 4). 37 All were 50 years of age or older (62.5 median age) at the time of disease onset, with gene transfer at a median age of 65.9 years. Serum neutralizing antibody titers to adeno-associated virus (AAV)1, assessed by ELISA, had to be below 1:50 at the start of the study and were monitored according to a previously published clinical trial schedule. 38, 39 T cell responses toward AAV1 capsid and follistatin were monitored by interferon g (IFN-g) enzyme-linked immunospot (ELISpot) assay and were below 50 spot-forming cells/million peripheral blood mononuclear cells (PBMCs) prior to enrollment. 38, 39 Study participants underwent an initial screening visit to establish criteria for enrollment, and this included a pre-treatment muscle biopsy. Prednisone (60 mg daily) was started 2 weeks later and continued for 1 month prior to rAAV1.CMV.huFS344 injections as a precaution against an immune response to the AAV capsid, especially in light of the underlying inflammatory milieu in sIBM. The prednisone dose was maintained for approximately 30 days after gene delivery. Muscle biopsies provided a histopathological assessment of muscle at baseline to compare with a follow-up biopsy on the opposite extremity on day 180 after gene transfer. The extremity undergoing initial biopsy was chosen by a randomization table and taken from the proximal vastus lateralis, thus determining the post-biopsy site in the opposite extremity targeting the same head of the quadriceps. Serum chemistry/hematology batteries were assessed at baseline, on days 7, 14, 30, 60, 90, and 180, and yearly to evaluate adverse effects because of gene transfer and included complete blood count, liver function studies, kidney function (cystatin C), 40 amylase, creatine kinase, and serum hormones (follicle-stimulating hormone [FSH] , leutinizing hormone [LH], testosterone, and estrogen).
rAAV1.CMV.huFS344 was prepared and delivered by the research pharmacist at Nationwide Children's Hospital (NCH) to the procedure room at the time of gene transfer on ice (not frozen) and administered to the subject within 8 hr of preparation. Handling of the rAAV1.CMV.huF344 gene followed compliance standards for biosafety level 1 vectors. 39 The final volume to the quadriceps muscle of each limb was diluted in 6 mL of lactated Ringer's (1 mL per syringe). The exact sites of gene injections in the heads of the quadriceps muscle were chosen by pre-treatment magnetic resonance images scored according the modified Hawley scoring system, which has shown good correlation with histological findings in previous studies. [41] [42] [43] The sites of the vastus medialis (VM), rectus femoris (RF), and vastus lateralis (VL) marked for injection were those best Table 1 shows the baseline and final distance in meters on the 6MWT for each subject (n = 6). The treated patients were followed at regular intervals for 1-2 years. Patient 3 could no longer participate in testing 2 months after gene therapy because of a fall that resulted in a concussion and a torn hamstring muscle. Because this was an intent-treat analysis, his data were included up to the point of injury.
To standardize reporting of the results, the performance of subjects (Table 1 ) was annualized to a median 1-year change to provide a standard score for comparison across the lengths of follow-up between subjects (Table 2 ). Treated subjects (n = 6) improved +56.0 m/year (+4.7 m/month), whereas a cohort of untreated sIBM patients (n = 8) followed in our Neuromuscular Clinic matched for age, gender, and baseline 6MWT decreased by À25.8 m/year (À2.1 m/month) (p = 0.01) ( Table 2 ; Figure 1 ). Secondary motor outcomes, including "Timed Up and Go" and "Ascending 4 Stairs" are shown at 1 year after gene therapy for all subjects (Table S1 ). This time point is comparable for all participants except for subject 3, who fell 2 months after gene transfer. Ascending stairs improved for all patients, and four patients improved in "Timed Up and Go".
A variable in this study that appeared to influence the outcome was exercise. At each visit, participants turned in a log of their exercise regimen. The patients reporting the most intense exercise routines (exceeding the recommended minimum) improved by 108 m (subject 2) and 153 m (subject 6) compared to baseline (Table 1) . These two patients, plus subjects 4 and 5, reported greater exercise tolerance and improved activities of living following gene delivery. Peak follistatin levels did show a correlation with improvement in the 6MWT ( Figure S1 ).
No adverse events (AEs) or serious AEs (SAEs) were encountered related to gene therapy (Table S2 ). As in our prior report for Becker muscular dystrophy follistatin gene therapy, we found no changes in pituitary-gonadal hormone levels (FSH, LH, estrogen, or testosterone) or any organ system assessment of the heart, liver, kidney, or bone marrow by physical exams or repeated chemistries throughout the study. Assessment of the IFN-g ELISpot assay for T cell immune responses to the AAV1 capsid showed no consistent pattern of T cell immunity, and serum follistatin antibody levels remained below 1:50 titers. Patients with sIBM are subject to falling because of weakness of the quadriceps muscles that results in knees giving way. As reported above, subject 3 had a fall that resulted in an SAE of a concussion and torn hamstring, which prevented him from finishing the motor assessment (he was followed for other adverse events). Subject 4 had two SAEs that prevented testing at two time points. The first was due to a biking accident, and the second was due to a fall that required several weeks of rehabilitation. He recovered from both and was able to participate in motor assessments, increasing his 6MWT by 67 m 16 months after gene transfer (Table 1) .
Muscle Biopsy Findings
We compared muscle biopsies 30 days prior to and 6 months after gene transfer. Two patients (5 and 6) had microscopic slides of paraffin-embedded muscle from a previous biopsy, and we chose not to obtain another pre-treatment biopsy (muscle biopsy findings were an exploratory outcome for this trial). Quantitative pre-and post-treatment measures were restricted to tissue processed in our laboratory (subjects 1-4). All post-treatment biopsies demonstrated an increase in the number of muscle fibers per square millimeter area and a decrease in the endomysial connective tissue and fat content and the inflammatory component. The histologic appearance of muscle following follistatin treatment ( Figure 2) shows normalization of fiber size appearance and distribution, decreased central nuclei, and significantly diminished muscle fibrosis in three of the four posttreatment biopsies ( Figures 3A-3C ). Moreover, we found downregulation of the expression levels of the fibrosis markers transforming growth factor b (TGF-b), collagen 1A (Col1A), and fibronectin in the post-treatment biopsies correlating with these histopathological improvements ( Figure 3D ).
These findings collectively suggested that the treatment established a more uniform and normalized size distribution; i.e., improved radial growth of fibers resulting from enhanced muscle regeneration. Because mammalian target of rapamycin complex 1 (mTORC1) is the major activator of radial growth/protein synthesis in muscle, 45 we then investigated whether mTORC1 was activated by the follistatin gene therapy as previously reported. 46 The activity of mTORC1
was assessed by the phosphorylation levels of its substrates, eukaryotic translation initiation factor 4E-binding protein 1 (4E-BP1) and the ribosomal protein S6 kinase1-targeted protein (S6P), using western blot analysis. The phosphorylated S6P and 4E-BP1 levels were higher in the post-treatment samples, compatible with ongoing, increased protein synthesis 6 months after treatment compared with baseline pretreatment samples ( Figure 4) . We also found a decrease in the phosphorylated levels of the cell stress sensor AMP-activated protein kinase (AMPK) in response to follistatin treatment. 47, 48 DNA copy number at the site of the biopsy is shown in Table S3 for each patient undergoing treatment.
DISCUSSION
Myostatin is a muscle-specific secretory protein that regulates muscle growth. 1 We have chosen to use follistatin to inhibit the myostatin signaling pathway for sIBM for several reasons. First, we were previously able to demonstrate both safety and a therapeutic benefit following gene delivery using AAV1.CMV.huFS344 in Becker muscular dystrophy. 36 We found a functional increase in the 6-min walk distance (6MWD) without adverse events. These findings established a potential path for treatment of sIBM, a significantly different condition, even though the distribution of muscle weakness has similarities. sIBM is an enigmatic condition with ongoing debates about pathogenesis: is it predominantly inflammatory versus primarily a myopathic or a degenerative disease with secondary inflammation? Follistatin as a therapeutic tool for treatment of sIBM has three potential mechanisms to combat crucial aspects on both sides of the debate. First, follistatin binds to activins inhibiting the release of pro-inflammatory cytokines and precluding the development of monocyte/macrophages, myeloid dendritic cells, and T cell subsets, all potentially contributing to sIBM. 49 Further benefits result from a reduction in muscle fibroblast proliferation stimulated by myostatin inhibition. 50, 51 As predicted, in our study, the post-treatment biopsies showed histological evidence of decreased fibrosis along with downregulation of the expression levels of the fibrosis markers TGF-b, Col1A, and fibronectin, providing direct evidence for this effect of follistatin. In sIBM, it is highly unlikely that we could achieve a therapeutic benefit without reducing fibrosis. The third arm that provides a favorable environment for upregulating follistatin in chronic muscle disease is its ability to stimulate myoblasts to express MyoD, Myf5, and myogenin, all myogenic transcription factors that promote muscle regeneration. 45 Moreover, follistatin-mediated increased muscle mass and force-producing capacity is concomitant with mTOR activation and increased protein synthesis independently of myostatin-driven mechanisms. It has been shown that Smad3/Akt/mTOR/ S6Kinase1/2/S6P signaling plays a critical role in this process. 46 Our findings of an overall increased activity in mTORC1 in the post-treatment biopsies, assessed by increased phosphorylation levels of its substrates, 4E-BP1 and S6K1-targeted ribosomal protein S6P, provide the first in vivo evidence in patients for these biological effects of follistatin. Ultimately, the combined effect of reducing fibrosis and inflammation while promoting muscle cell regeneration supports a favorable milieu for muscle recovery, as seen in this translational gene therapy clinical trial. It is also important to add that the combination of a glucocorticoid effect received by sIBM subjects for about 60 days, in the presence of exercise and follistatin upregulation, could have influenced outcomes. An interesting possibility is that the upregulation of Akrin1 expression in the presence of suppression of myostatin following FS344 gene delivery provided a contributory path for muscle growth. Glucocorticoids usually suppress the ability of satellite cells to promote muscle growth, accounting for steroid-related muscle atrophy. However, a paradoxical effect is seen from the combinational effect of follistatin and steroid therapy, resulting in myostatin inhibition, increased Akrin1 expression, and potentiation of muscle regeneration. 52 Another interesting arm of the therapeutic efficacy illustrated in this clinical gene therapy trial is the benefit of a combined gene delivery of follistatin with a muscle contraction exercise program. In the follistatin Becker muscular dystrophy gene therapy trial, we thought that patients who reported a continued ability to adhere to active schedules were those who improved most consistently in the 6MWT. 36 There is also clear evidence from prior studies in patients and in mice that Table 1 and Figure S1 . Molecular Therapy expression of follistatin increases with exercise. 44 The exercise regimen we recommended in this clinical trial was modest: riding a stationary bicycle for 15 min and knee extensor leg lifts with a 5-pound weight while in a sitting position (three sets of ten) three times per week on alternating days. We monitored the program with patient-recorded logs that were brought to the clinic at each follow-up appointment. Four subjects followed the exercise program with little variation (subjects 2, 4, 5, and 6) and also voluntarily performed additional exercises (especially subjects 2 and 6; Table 1 ; Figure S1 ). These are the subjects who were found to have the greatest gains in the 6MWD. It is also important to note that all patients in this study improved in outcome measures, but the difference was striking between the exercise cohort (subjects 2,4, 5, and 6) and the non-exercise cohort (subjects 1 and 3) while the dose of rAAV1.CMV.huFS344 remained the same for all participants. A question could be raised regarding efficacy entirely related to exercise, but we believe this to be highly unlikely given the failure of exercise alone (including 10-m and 30-m walk, timed-up-and-go, stair climbing) to improve function in the absence of follistatin therapy. 53, 54 Future follistatin gene therapy clinical trials in muscle diseases of varying causes might benefit from a combined exercise-gene therapy regimen.
The profile of the follistatin isoform FS344 delivered by intramuscular injection to sIBM patients confirmed the safety of the prior Becker muscular dystrophy study using the same cassette. The sIBM patients (Table 1) . Post-treatment samples show fewer small basophilic regenerating fibers, less variation in fiber size, and fewer central nuclei. (E and F) The fiber size histograms for subject 2 (E) and subject 4 (F) illustrate a decrease in small fiber subpopulation and a shift toward normalization of fiber size distribution with an increase in the number of fibers within the normal size range. (G) Quantification of multinucleated fibers as percent of total number of fibers with internal nuclei showed a significant reduction in the post-treatment samples, suggestive of normalization of the internal cytoarchitecture. *p = 0.0267 by two-tailed t test.
had the advantage of a uniform, higher dosing schedule of 6 Â 10 11 vector genomes (vg)/kg/ leg in all subjects. There were no treatmentrelated AEs or SAEs. Unrelated AEs occurred in two subjects (6%), characterized as falls, and one subject (3%) had a biking accident. It is worth pointing out that this subject continued to show functional improvement despite the injuries that would usually result in further decline in this disease, suggesting an enhanced muscle-regenerative capacity based on follistatin gene transfer. Other unrelated adverse events are provided in Table S2 . No serum chemistry or hormone abnormalities were seen, including gonadotropins, testosterone, or estrogen levels, following gene therapy. There was no consistent pattern of T cell immunity specific to the AAV1 capsid pool, as evaluated by ELISpot assays, and serum anti-follistatin antibody levels remained below 1:50 titers.
In conclusion, this is the first clinical trial to show clear evidence of a treatment benefit in sIBM. This is an important step for this disease, and further studies are warranted. Questions continue regarding how long the treatment benefit will persist and in what range of severity we can expect to see improvement. Obviously, the treatment paradigm must also be extended to include females before we can assess the full effect of follistatin gene delivery for sIBM. In addition, the sIBM patients treated in this trial were ambulatory and relatively mildly affected. More severely affected patients might benefit from systemic delivery. This trial was unequivocally safe and, combined with our prior results in Becker muscular dystrophy, continues to support follistatin gene therapy for muscle disease delivered by AAV.
MATERIALS AND METHODS
Vector Production
The AAV1 vector product was produced as previously described using the human follistatin gene flanked by AAV2 inverted terminal repeat (ITR) sequences and encapsidated into AAV1 virions. 33 The construct contains the cytomegalovirus (CMV) immediate early promoter/enhancer and uses the b-globin intron for high-level expression. All plasmids used in the production process were produced by Aldevron under its Good Manufacturing Practice Source (GMP-S) quality system and infrastructure. rAAV1.CMV.huFS344 was produced in the Nationwide Children's Viral Vector GMP manufacturing facility. Release testing, including the final fill product, was performed by our quality assurance unit (QAU). Certificates of stability and analysis were submitted to and approved by the Food and Drug Administration (FDA).
MRI for Guidance of Gene Transfer Sites
The MRI studies completed were non-contrast-enhanced images obtained from both legs, collected at baseline and 6 months after gene therapy treatment for all subjects. Axial T1-weighted images of the lower extremities to the knees were analyzed for injection sites. The MRI studies were scored using the modified Hawley system, which has been validated in previous studies and has shown good correlation with histological findings. [41] [42] [43] Areas of skeletal muscle with a baseline score of 2a or less were targeted. Two of the study investigators evaluated the pre-treatment MRI, a radiologist (M.H.) as well as a neurologist (S.A.), and they came to a consensus of preserved areas of skeletal muscle that were marked as injection sites.
Muscle Biopsy Analysis
For each patient, pre-and post-treatment quadriceps muscle biopsies, processed according to our well established protocols at NCH, were used for quantitative histopathology, real-time qPCR, and western blot analyses, with the exception of two pre-treatment biopsies performed previously elsewhere (subjects 5 and 6), from which only the microscopic slides were available. H&E-stained cross-sections were used for fiber size measurements and counts of central nuclei. A mean total area analyzed per biopsy was 2.25 ± 0.43 mm 2 , derived from randomly obtained 20Â images. Fiber diameters were recorded with a calibrated micrometer using the AxioVision 4.2 software (Zeiss). Fiber size distribution histograms were expressed as number per square millimeter. In random images, the number of fibers with one or more internal nuclei and the percent of fibers with internal nuclei were determined. Quantification of endomysial and perimysial connective tissue was limited to pre-and post-treatment biopsies done at NCH using picrosirius red stains (Abcam, ab150681) (patients 1, 2, 3, and 4). The level of fibrosis was analyzed on 20Â photographs using ImagePro software from 12 randomly selected fields in pre-and post-treatment biopsies. The red area (representing the fibrotic area) was expressed as percent of total area in each image, and the mean ± SEM was determined to represent each biopsy.
qPCR Experiments
The genomic DNA and RNA were extracted from fresh-frozen muscle biopsies using the QIAGEN QIAamp DNA mini kit (#51304) and High Pure RNA isolation kit (Roche, #11828665001), respectively. cDNAs were synthetized using the Transcriptor First Strand cDNA synthesis kit (#04379012001). Standard real-time qPCR was performed to quantify the number of vector genome copies per microgram of genomic DNA using Fast SYBR Green Master Mix (Thermo Fisher Scientific, catalog no. 4385612) according to the manufacturer's instructions. Primers for the CMV promoter were as follows:
0 . The pAAV.CMV.FS344 plasmid vector 36 was serially diluted for making a standard curve. Other qPCR experiments were performed by using iTaq Universal SYBR Green Supermix (Bio-Rad, #1725122). Primer sequences for TGF-b (F: GGA AATTGAGGGCTTTCGCC, R: CCGGTAGTGAACCCGTTGAT), COL1A (F: CCCCGAGGCTCTGAAGGTC, R: GGAGCACCAT TGGCACCTTT), and fibronectin (F: ACAAACACTAATGTTAA TTGCCCA, R: CGGGAATCTTCTCTGTCAGCC) were designed using NCBI's Primer Blast. All qPCR experiments were done by using the ABI 7500 real-time PCR machine, and the results were computed and analyzed using Data Assist Software (ABI).
Protein Extraction and Western Blot Analysis
For the western blot analysis, fresh-frozen muscles samples were homogenized in radioimmunoprecipitation assay (RIPA) lysis buffer (Thermo Fisher Scientific, #89900) with 1Â Halt protease inhibitor (Thermo Fisher Scientific, #78429) and 1Â phosphatase inhibitor (Sigma, P0044). The same amount of protein for each sample was loaded on 4%-12% Bolt Bis-Tris Plus precast polyacrylamide gels (Thermo Fisher Scientific, #NW04120BOX) and . Specific signals were developed using Amersham ECL Prime western blot detection reagent followed by exposure to X-ray films (Denville, #E3018). Bands on the film were pictured using a camera (Sony A600), and the band intensities were quantified using Quantity-One software (Bio-Rad). The relative content of the analyzed protein band in each sample was determined by normalizing band intensities to the content of Actin in the same sample.
IFN-g ELISpot Analysis
ELISpot assays were performed on fresh PBMCs as previously described using AAV1 capsid peptide pools and follistatin. 36 Concanavalin A (Sigma) served as a positive control and 0.25% DMSO as a negative control. Human IFN-g ELISpot kits were purchased from U-CyTech. After the addition of PBMCs and peptides, the plates were incubated at 37 C for 48 hr and then developed according to the manufacturer's protocol. IFN-g spot formation was counted using a Cellular Technologies Limited systems analyzer.
Anti-AAV Neutralizing Antibody Titers
The assay is based on the ability of neutralizing antibody (Nab) in serum to block target cell transduction with a b-galactosidase (b-gal) reporter vector stock. C12 rep-expressing HeLa cells (Viral Vector Core, Nationwide Children's Hospital) were plated in a 96-well plate (Corning) at a concentration of 5e4 cells/well. Plates were incubated at 37 C with 5% CO 2 . The following day, an aliquot of patient serum was heat-inactivated for 30 min at 56 C. The serum was diluted in duplicate 2-fold with DMEM in a 96-well plate so that the plate contained 1:50-1:1,638,400 dilutions. 5e7 DNAse-resistant particles (DRPs)/mL AAV1.CMV.bÀgal virus was added to the serially diluted wells in a volume of 25 ml. For the assay cutoff, 25 mL of 5e7, 1e7, and 5e6 DRPs/mL were added to other wells containing 1:50 diluted naive serum. The 96-well plates were then rocked for 2-5 min and incubated for 1 hr at 37 C. The medium was then removed, and all 50 mL of the diluted serum/AAV1 complexes was added to the corresponding well containing C12 cells. 50 mL of the Ad5 (MOI = 250) was added to the diluted serum samples. After overnight incubation at 37 C, the medium was replaced with 10% fetal bovine serum (FBS) and DMEM. The medium was removed after 36 hr and gently washed with 200 mL/well of PBS (Invitrogen). 100 mL/well of Pierce b-gal assay reagent (Thermo Fisher Scientific) was added and incubated for 30 min at 37 C. The plates were then read at 405 nm on a SPECTRAmax M2 plate reader (Molecular Devices). The 5e6 DRPs/mL positive control was the assay cutoff, which represents an equivalent of 10% infection and 90% neutralization. The furthest serum dilution producing an average absorbance at 405 nm, which was less than the average absorbance of the 5e6 DRPs/mL positive control, was considered the anti-AAV1 titer.
Anti-follistatin Antibody Titers
An ELISA was performed to measure the level of circulating anti-follistatin antibody in plasma. Briefly, Immulon-4 96-well plates (ISC BioExpress) were coated with 100 mL of human follistatin protein in carbonate buffer (pH 9.4; Pierce) per well. Plates were sealed overnight at 4 C. Plates were blocked with 280 mL per well of 5% nonfat dry milk and 1% normal goat serum (Invitrogen) in PBS for 3 hr at 25 C. Patient plasma was diluted at a 1:50 ratio in solution identical to the blocking solution, and 100 mL was added in duplicate to both wells coated with follistatin in carbonate buffer and wells coated with carbonate buffer alone. Plates were incubated at 25 C for 1 hr.
Statistical Analyses
GraphPad Prism software was used for all statistical analyses. For all comparisons, two-tailed Student's t test was used, or, where appropriate, one-way ANOVA was applied.
A value of p < 0.05 was considered statistically significant. Distances walked were annualized to a median change per year to provide a standard score for comparison across different lengths of follow-up (*p = 0.01).
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